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Abstract 
Most petroleum reservoirs are subjected to Improved and Enhanced Oil Recovery (IOR and EOR) 
processes following secondary recovery. EOR involves the application of external forces and 
substances to improve the chemical and physical interactions in hydrocarbon reservoirs in order to 
improve preferable recovery conditions. The process of chemical flooding with solutions of 
polymers and surfactants can be used for developing oil exploitation. Studying the interaction 
between surfactants and polymers is indispensable for successful oil recovery. The interaction 
between non-ionic & anionic surfactants and polymers in ternary mixtures was examined at 
different concentrations and temperatures by dynamic light scattering and gel permeation 
chromatography. The hydrodynamic size of surfactant-polymer composites was higher than the 
particle size of individual components indicating a formation of associates. The size of associates 
increased by increasing the concentration of the surfactants and the temperature. It could be 
supposed that the polymer formed a mixed micelle with the surfactants. Gel permeation 
chromatography has confirmed the increase in molecular weight of the associate formed by 
surfactants and polymers. 
Keywords: enhanced oil recovery, gel permeation chromatography, hydrodynamic size, 
polymer-surfactant interaction 
INTRODUCTION 
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Energy demand worldwide has necessitated the need for EOR (Enhanced Oil Recovery) 
processes. Approximately two-thirds of the oil remains in an average oil reservoir after primary 
and secondary waterflooding production. The residual oil is trapped in the pore structure of the 
reservoir. The oil displacement efficiency can be increased by decreasing the oil viscosity or by 
reducing the capillary forces or the interfacial tension between the water and oil phases. Flooding 
by the aqueous solution of surfactants and polymer mixtures is an improved technique for 
enhancing the oil displacement efficiency. The role of the surfactant is to reduce the interfacial 
tension between the crude oil and water and the polymer can modify the flow properties (Wang et 
al. 2009; Li and Yin 2013; Suman et al. 2014; Li et al. 2016). Interfacial tension reduction and 
wettability alteration of the reservoir rocks are the two main mechanisms of the oil recovery 
process involving the employment of surfactant flooding (Ahmadi, Galedarzadeh, and Shadizadeh 
2015). 
Environmental impacts, surfactant expenditure, and oil price are the three main parameters 
that have an effect on the robustness of surfactant flooding in oil reservoirs (Ahmadi, 
Galedarzadeh, and Shadizadeh 2015). Plant-derived surfactants have proven remarkable 
considering their ease of generation, environmentally friendliness and low cost (Ahmadi and 
Shadizadeh 2013; Ahmadi et al. 2014; Ahmadi and Shadizadeh 2015). 
Surfactant and polymer flooding face some problems like adsorption onto rock. The 
adsorption behaviour of implemented chemicals has a vital role in terms of the robustness and 
effectiveness of chemical flooding. As the surfactant concentration increases, the magnitude of 
adsorption density on the surface of carbonate rocks increases until it reaches the saturation point 
(Ahmadi and Shadizadeh 2013; Zendehboudi et al. 2013). 
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The interaction between oppositely charged polymer-surfactant mixtures in the solutions 
was studied using surface tension measurements (Ansari, Kamil, and Kabir-ud-Din 2013). It was 
observed that the cationic surfactants interact strongly with the oppositely charged anionic 
polymer. The analysis of the critical aggregation concentration and the critical micelle 
concentration of cationic surfactants indicates the existence of strong electrostatic interactions. 
Light scattering and viscometric measurements of high molecular weight polyacrylamide 
and a non-ionic surfactant in an aqueous solution were carried out (Mya, Jamieson, and Sirivat 
1999). It was determined that the surfactant molecules induced a significant increase in the size of 
the polymer chains at higher surfactant concentrations. Polyacrylamides with different molecular 
weights interacted with the surfactant quite similarly. 
The objective of this paper was to investigate the interaction between non-ionic & anionic 
surfactants and polymers in ternary mixtures used for EOR at different temperatures. In a previous 
paper the interaction between the components investigated by dynamic light scattering has already 
been reported (Nagy et al. 2014). The interaction between the surfactants and the polymers could 
be proven by measuring the particle size of the composites: the composites of the polymers and 
surfactants exhibited higher particle sizes than the polymers and surfactants separately. The 
presence of polymeric chains induced the formation of micelles. Hydrophobic interactions were 
the main attractive forces and the presence of oppositely charged species could result in any other 
enhanced interactions (Hansson and Lindman 1996; Kwak 1998; Holmberg et al. 2002). Gel 
permeation chromatography (GPC) is an uncommon method of investigating the polymer-
surfactant systems prepared for EOR (Veggeland and Austad 1993). 
Our objective was also to determine if gel permeation chromatography is suitable for 
detecting interactions. 
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MATERIALS AND METHODS 
The non-ionic and anionic surfactants were developed and produced by the University of 
Pannonia. A fatty acid-alkanol-amine-ester derivative was used as a non-ionic surfactant which is 
the reaction product of a fatty acid derivative and diethanolamine. The anionic surfactant was the 
alkyl-(C12)-aryl-sulfonic acid derivative. The flow-modifier polymer was a partially hydrolysed 
synthetic polyacrylamide produced by the SNF Group. The surfactants and the polymer were 
dissolved in brine (obtained from Algyő, Hungary). In Tables 1 and 2 the properties of brine and 
the flow-modifier polymer are shown, respectively. 
A surfactant package consisting of a constant ratio of non-ionic to anionic surfactants 
(40:60) at different overall concentrations (5, 10, 15, 20 and 25 g /dm3) was used during 
measurements. The surfactant solutions were prepared in brine then mixed with the flow-modifier 
polymer at a final concentration of 1 w/w% and the solutions were measured at 50, 60, 70 and 
80C. 
Dynamic Light Scattering Measurements 
The particle size and distribution of the samples were measured by dynamic light scattering 
using a Malvern Zetasizer Nano ZS instrument. The hydrodynamic radius was determined by 
Photon Correlation Spectroscopy (also known as dynamic light scattering) and estimated from the 
particles’ diffusivity using the Stokes–Einstein equation. The apparatus uses a 5 mW HeNe laser 
at a wavelength of 633 nm. The measurement range of the instrument is 0.3–100,000 nm. 5 ml  of 
the samples were treated for 2 minutes  using an ultrasound disintegrator (Type: UD-11) at a 
frequency of 22 kHz  and a power of 100 W  to achieve a transparent appearance before the particle 
size was measured. Independent triplicates of each sample over 5 runs were measured in a 
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PCS8501 square glass cuvette. The average peak values of particle diameter (nm) for the different 
samples were calculated. 
Gel Permeation Chromatography 
The molecular weight and the distribution of the samples were determined by gel 
permeation chromatography in Millipore water. The measurements were carried out by a LaChrom 
Merck chromatograph equipped with a refractive index (RI) detector. Two serially connected PL 
aquagel-OH MIXED-M 8 µm columns were applied to determine measurements. The 
concentration of samples was 0.025 g /5 ml  of water and the flow rate was 1 ml /min at 2.5 MPa . 
The device consisted of the following components: L-7100 pump; L-7200 autosampler; L-7490 
refractive index detector; L-7614 gas discharge lamp; D-7000 interface module; and D-7000 
HPLC System Manager (HSM) software. The molecular weight of each component was estimated 
based on Pullulan standards (polysaccharides). The molecular weights were estimated and it may 
be supposed that these procedures can be applied for the characterization of size analysis. In the 
case of the mentioned GPC set-up the RSD of the measurements was <5%. 
RESULTS AND DISCUSSION 
Particle Size Analysis 
The dependence of particle size on temperature using different concentrations of the 
surfactants and a flow-modifier polymer in 1 g /cm3 can be seen in Figure 1. 
The curves of Figure 1 show a significantly higher particle size of the combinations of 
surfactants and polymer in aqueous solutions formed at higher temperatures. Both the increased 
temperature and increased concentration of surfactants caused the additional growth of the 
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hydrodynamic diameter of the dissolved colloidal particles. The increase in the hydrodynamic 
diameter can be explained by the interaction between the polymer and surfactants which resulted 
in the formation of mixed micelle associates. The temperature dependence can be interpreted in 
terms of the swell of the polymer. The concentration dependence can be illustrated by the number 
of linkages between surfactants and the polymer. 
The surfactant concentration range in industrial applications is broad. Therefore, it is 
important to examine the effect of concentration on the particle size of the associates. According 
to Figure 1 when the overall concentration of the surfactants exceeded 15 g /l, the particle size 
increased significantly as the temperature increased. This effect can be explained by the formation 
of different associates composed of several molecules. As a result of even a small increase in 
concentration, the spherical micelle could be transformed into a cylinder or other forms (Holmberg 
et al. 2002; Yang et al. 2013). The possible effect of this transformation was that the width of the 
gel permeation chromatograms increased significantly (Figure 2). 
Gel Permeation Chromatography 
In order to verify the particle size, gel permeation chromatography measurements were 
performed to obtain information about the average molecular weight of associates. Both the 
surfactants and the polymer can be investigated by gel permeation chromatography. Therefore, it 
was supposed that a polymer-surfactant associate can also be formed. 
In Figure 2 the gel permeation chromatogram of surfactants, polymer and polymer-
surfactant associates can be observed. The applied concentrations of surfactants and the polymer 
were 15 and 1 g /l, respectively. 
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The estimation was based on a polymer-surfactant standard so it is only suitable for relative 
comparisons because of the different refractive index conditions of various components. 
It was determined that the micelles composed of a polymer-surfactant mixture were not 
degraded during GPC measurements because of the strong interactions they exhibit, so the 
measured data did not yield the real molecular weight of the compounds. However, the size of the 
mixed micelles can be characterized by the change in these molecular weights (Da). It was found 
that the molecular weights of the polymer-surfactant solutions were higher than the molecular 
weights of the polymer or surfactants. 
The average molecular weights are represented in Table 3, 7.98·105 Da  for surfactants and 
7.33·106 Da  for polymer-surfactant associates based on Pullulan (polysaccharide) standards. 
By comparing the molecular weight data with the size distribution of the components and 
composites, it would seem that the growth in the particle size of the polymer-surfactant mixtures 
is a result of the formed polymer-surfactant associates. The broader distribution curve of the 
polymer-surfactant solutions also supports this assumption (compared with the polymer and 
surfactant solutions individually). Thus the previously discussed interaction was supported by 
these GPC results. 
The temperature dependence was also studied using water-based gel permeation 
chromatography (Figrue 3). The rise in the molecular weight by increasing the temperature is only 
slightly comparable with particle size growth. This indicated that the growth in the size of the 
associates was caused more by the swelling of the composites than the increased number of the 
components in the associates. By increasing the temperature the size and the molecular weight of 
associates has also increased because of the swollen polymer and the interaction. 
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CONCLUSION 
The interaction between the polymer and the surfactants is of great importance in EOR for 
screening polymer-surfactant associates. The particle size of the flow-modifier polymer, 
surfactants and polymer-surfactant mixtures dissolved in brine were investigated and applied to 
chemical enhanced oil recovery. The interactions between the polymer and surfactants were 
proved by dynamic light scattering and gel permeation chromatography methods. The 
measurements were carried out in different concentrations of surfactants and the temperature 
dependence of the components was also examined. It can be assumed that the hydrodynamic size 
of the associates depends both on the concentration of the surfactants and on the temperature. The 
growth in particle size indicated an interaction between the polymer and the surfactants. The GPC 
measurements showed an increase in the average molecular weight of the composites when 
compared with the individual components of the polymer and surfactants. Later the formation of 
larger associates was also indicated between the polymer and surfactants. It can be supposed that 
the polymer formed a mixed micelle with the surfactants. The increase in particle size as a result 
of increasing the temperature was caused by the swelling of the polymer. 
If an interaction is realized between the surfactants and the polymer, surfactant-polymer 
flooding is more likely to occur. Dynamic light scattering and gel permeation chromatography are 
suitable methods to prove this interaction. Therefore, they can form part of an efficient selection 
method for CEOR. 
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Table 1. The properties of brine 
Property Unit 
Conductivity (20C) 3.22 mS/cm 
pH 8.5 
Potassium 14.8 mg /l 
Sodium 1086 mg /l 
Magnesium 2.32 mg /l 
Calcium 15.1 mg /l 
Carbonate 396 mg /l 
Hydrocarbonate 1672 mg /l 
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Table 2. The properties of the flow-modifier polymer 
Property Unit 
Sulfonated ratio 25% 
Applied concentration 1 g /dm3 
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Table 3. The molecular weight of the surfactants, the polymer and the polymer-surfactant 
associates at 25C 
 
Mn [Da] Mw [Da] MP [Da] 
Surfactants 2.54·105 7.98·105 7.44·105 
Polymer 5.52·106 1.44·106 4.12·105 
Polymer-surfactant associates 7.05·105 7.33·106 2.88·106 
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Figure 1. The particle size dependence on temperature and the different concentrations of the 
surfactants dissolved in brine containing flow-modifier polymer at a concentration of 1 g /cm3. 
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Figure 2. The distribution of the average molecular weights of the polymer, surfactants and the 
polymer-surfactant mixture at 25C. 
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Figure 3. The distribution of the average molecular weights of the polymer-surfactant solution at 
different temperatures. 
 
 
 
